Study design. Multicenter prospective database review of patients with cerebral palsy (CP) and spinal deformity. Objective. To determine if the type of distal fixation is associated with improved correction of coronal deformity or pelvic obliquity (PO) at 2 years in long posterior fusions to the sacrum. Summary of background data. Multiple techniques are utilized for distal fixation in patients with CP. Although there is emerging evidence that the augmentation of iliac screws with S1 screws may be beneficial, this remains controversial. Methods. A prospective, multicenter database was used to identify patients with CP who underwent long posterior fusions to the sacrum. Eighty-eight patients were included, 52 with iliac screws (I) and 36 with iliac and S1 screws (IS) for distal fixation. Preoperative, first erect, and 2-year follow-up radiographs and complications were analyzed. Statistical analysis was performed using ANOVA and repeated measures ANOVA with significance set at P < 0.05. Results. Scoliosis was the primary deformity in greater than 90% of patients in both groups (P¼0.84). Preoperative coronal deformity was similar (I ¼ 838, IS ¼ 878, P ¼ 0.49), but correction was better with the use of S1 screws on the first erect radiograph and at 2 years (I ¼ 358, IS ¼ 228, P ¼ 0.001), reflecting correction of 58% and 74% for iliac and iliac-S1 screws, respectively (P < 0.001). Preoperative PO was similar (I ¼ 298, IS¼ 308, P ¼ 0.71) and was noted to improve more in the iliac-S1 group by 2 years (I ¼ 118, IS ¼ 58, P ¼ 0.004), representing correction of 60% and 77% for the iliac and iliac-S1 groups, respectively (P ¼ 0.018). There was no difference in the rate of major (P ¼ 0.27) or minor (P ¼ 0.65) complications in either group. Conclusion. Bilateral S1 and iliac screws are associated with improved spinal deformity and PO correction at 2 years in the CP population. Two points of distal fixation, S1, and ilium should be considered for this population.
N euromuscular scoliosis caused by cerebral palsy (CP) is a common, challenging condition to treat. Affected patients may develop rigid curves of large magnitude with significant pelvic obliquity (PO).
1,2 Despite challenging fixation and an elevated risk of complications, surgery is often recommended to correct deformity, restore spinal, and pelvic balance, and improve sitting ability. [1] [2] [3] In severely involved patients with fixed PO, this usually entails a long posterior fusion to the sacrum. [1] [2] [3] There remains debate over the optimal configuration of distal fixation in this population. [3] [4] [5] [6] Although the Galveston technique was the original method of achieving successful correction of PO, 7 multiple other techniques have been described. [4] [5] [6] [8] [9] [10] Currently, the most common method of fixation in posterior pedicle screw constructs involves the use of bilateral posterior iliac screws to achieve pelvic fixation because of its reliability, ease of use, and improved strength. 8, 10, 11 Several authors have examined whether additional distal points of fixation to the sacrum, either by iliosacral screws (i.e. the maximum-width construct) [12] [13] [14] or by placement of S1 screws 3, [15] [16] [17] are beneficial in achieving lasting correction of spinal deformity and PO.
To achieve reliable and safe sacropelvic fixation in highrisk patients with CP and spinal deformity, it would be useful to determine the optimal amount and configuration of distal screws in all-pedicle screw constructs. This study
MATERIALS AND METHODS
A query of a prospective multicenter database of patients undergoing surgical correction for CP scoliosis between the years 2008 and 2011 was performed. The minimum followup in our study population was 2 years. The criteria for enrollment into the database includes diagnosis of CP, coronal (!508) or sagittal deformity (!708) for which the patient is undergoing primary surgical correction, and an age of 8 to 21 years at the time of enrollment. All sites enroll patients in a consecutive manner, maintain institutional review board approval, and signed informed consent is obtained before data capture. The query was conducted to identify patients who had undergone posterior fusion to the pelvis in which the distal fixation was either with iliac screws alone (I) or with a combination of iliac and bilateral S1 pedicle screws (IS). Details of surgical management are entered into the database at the time of surgery.
Continuous radiographic variables were evaluated at preoperative, first erect, and 2 year postoperative time points. Coronal and sagittal deformities were measured from the end vertebrae according to the Cobb method. PO was measured as the angle subtended by a line drawn across the top of the iliac crests and the perpendicular line to the T1 to S1 line, as proposed by Gupta et al. 18 ANOVA was utilized to compare these measures at each time point and repeated measures ANOVA (RM ANOVA) analyses were utilized to compare change over time in these variables between the two groups (I vs. IS). Chi-square analysis was utilized to compare categorical variables between the two groups. Alpha was set at P < 0.05 to declare significance and analyses were performed using SPSS v.12 (SPSS Inc., Chicago, IL).
Complication rates were analyzed between groups and were categorized as major (requiring reoperation) or minor (not requiring reoperation) for the purposes of analysis. Because the aim of the study was to evaluate the distal fixation technique, only complications directly related to the instrumentation (such as pseudarthrosis or implant failure) and soft tissues (such as infection or dehiscence) were recorded.
RESULTS
A total of 88 patients (50 males and 38 females) were identified who met the inclusion criteria; and 13 surgeons contributed patients to the study. The mean age at the time of surgery was 14.2 AE 2.7 years (P ¼ 0.89) and the primary deformity was scoliosis in both groups (P ¼ 0.84). CP was classified physiologically and functionally. The majority of patients were spastic (68 patients; 77.3%) with the remainder classified as mixed (12 patients; 13.6%), dystonic (three patients; 3.4%), hypotonic (two patients; 2.3%), or unclassifed (three patients; 3.4%). Functional classification was recorded according to the Gross Motor Function Classification System (GMFCS) Level, with the majority (83 patients; 94.3%) severely involved (Level IV or V). Preoperative and postoperative characteristics for each group are shown in Table 1 .
No patient had undergone prior spinal instrumentation. The upper-instrumented vertebra was T1 in four patients (4.5%), T2 in 68 patients (77.3%), and T3 in 14 patients (15.9%). Distal fixation included bilateral iliac screws alone in 52 patients (59.1%) and a combination of iliac screws and bilateral S1 pedicle screws in the remaining 36 patients (40.9%). Iliac fixation consisted of traditional-entry (44 of 88) and medial-entry (43 of 88) screws, most of which were in the iliac-S1 group (P < 0.001). Anterior release rates were similar between groups [I: 6 of 52 (11.5%); IS: 4 of 36 
Correction of Primary and Coronal Plane Deformity
Preoperative deformity magnitude ( Figure 2 , in degrees) was similar in both groups (I ¼ 85.7 AE 25.0; IS ¼ 89.5 AE 24.3; P ¼ 0.47). There was substantial improvement in postoperative curve magnitude in both iliac and iliac-S1 groups. However, radiographic findings at the first erect postoperative (I ¼ 35.3 AE 18.5; IS ¼ 24.9 AE 16.1; P ¼ 0.008) and 2-year erect postoperative (I ¼ 37.8 AE 18.0; IS ¼ 25.8 AE 16.8; P ¼ 0.002; RM ANOVA P ¼ 0.002) visits demonstrated significantly decreased deformity magnitude in the iliac-S1 group. Similarly, the magnitude of coronal plane correction improved significantly more in the patients who had received iliac and S1 pedicle screws. The preoperative scoliosis (I ¼ 83.2 AE 27.2; IS ¼ 87.3 AE 28.1; P ¼ 0.49) improved on both the first erect (I ¼ 31.6 AE 17.6; IS ¼ 22.2 AE 15.1; P ¼ 0.01) and the 2-year erect (I ¼ 35.1 AE 18.3; IS ¼ 22.2 AE 14.6; P ¼ 0.001; RM ANOVA P ¼ 0.001) radiographs. This represented a 2-year coronal plane correction of 58% in the iliac group and 74% in the iliac-S1 group (P < 0.001; RM ANOVA ¼ 0.01).
Correction of PO
PO (Figure 3 , in degrees) was also similar in both groups preoperatively (I ¼ 28.5 AE 16.5; IS ¼ 29.9 AE 12.8; P ¼ 0.71). Like the magnitude of coronal plane correction, the addition of S1 screws demonstrated slightly more improvement in postoperative PO at the first erect radiograph (I ¼ 8.7 AE 7.5; IS ¼ 6.2 AE 6.2; P ¼ 0.17), however did not reach significance at this time point. At 2 years, PO was significantly decreased in the group with the addition of S1 screws compared with iliac screws only (I ¼ 10.7 AE 8.3; IS ¼ 5.3 AE 4.9; P ¼ 0.004; RM ANOVA P ¼ 0.082), representing a 60% correction in the iliac group and a 77% correction in the iliac-S1 group (P ¼ 0.018; RM ANOVA P ¼ 0.02).
Complications
The overall rate of complications related to instrumentation was low. Major instrumentation complications occurred in 3 of 52 (5.8%) iliac screw patients, which included loss of iliac fixation requiring revision (one patient), prominent implants requiring revision (one patient), and a retained surgical item requiring retrieval (one patient). There were no major instrumentation complications in the iliac-S1 screw patients. Minor instrumentation complications occurred in four patients (7.7%) of the iliac group, including implant prominence (two patients), asymptomatic loss of iliac linkage (one patient), and proximal implant loosening leading to junctional kyphosis (one patient). No patient was diagnosed with having a pseudarthrosis requiring revision, but there was one asymptomatic patient (2.8%) in the iliac-S1 group noted to have nondisplaced bilateral broken rods in the region of distal fixation. No differences were observed between groups concerning major (P ¼ 0.27) or minor (P ¼ 0.65) complications. As expected, infectious and soft tissue complications occurred in both groups, with similar overall rates of major (I ¼ 7.7%; IS ¼ 16.7%; P ¼ 0.31) and minor (I ¼ 3.8%; IS ¼ 2.8%; P ¼ 0.79) complications.
DISCUSSION
Neuromuscular scoliosis associated with CP is a challenging clinical problem fraught with complications and controversy. 2, 3, [19] [20] [21] In particular, the amount of distal fixation needed in pedicle screw constructs remains a subject of active debate, with reported rates of correction between 53% and 74% for coronal deformity and between 60% and 84% for PO with multiple different techniques, including iliac screws, iliosacral screws, maximum-width constructs, and S1 plus iliac screws. 10, [13] [14] [15] 22 In this study, we compare two commonly used distal fixation configurations (iliac screws only and iliac screws plus bilateral S1 screws) to evaluate whether this has an impact on the ability to achieve deformity correction and restoration of PO at early and 2-year follow up.
We found that although the percent of deformity correction in both the iliac and iliac-S1 groups was within the range of what is typically reported in the literature, our findings indicate a clear association favoring the addition of bilateral S1 pedicle screws to iliac screws in the CP population. Patients in the iliac-S1 group had 16% more coronal plane correction and 17% more PO correction at 2 years compared with those receiving iliac screws alone. This association remained strong when evaluating correction at both the first erect and 2-year radiographs, despite the iliac-S1 group starting with slightly more preoperative deformity. Similar findings were noted when evaluating PO. Although with PO there was a nonsignificant trend towards improved correction at the first erect radiograph, by the 2-year radiograph there was a significant difference favoring the iliac-S1 group. For each of these major outcome measures, there also appeared to be less loss of correction in the iliac-S1 group, suggesting that S1 screws may both improve initial correction and better maintain correction over time.
These results may be explained in part by previous biomechanical and clinical studies of sacropelvic fixation, as several studies support our observation that supplemental S1 screws may be beneficial. In a biomechanical comparison of various distal screw configurations in a calf spine, Tis et al 23 reported that although isolated iliac and combined iliac-S1 screws had similar rotational and bending stiffness, the iliac screws alone had less stiffness in flexion and extension, suggesting a benefit for the additional points of distal fixation. In a clinical study of a combined neuromuscular population, the use of S1 and sacral alar iliac screws together was found to result in good correction at 2 years as compared with patients who had received either sacral or traditional iliac screws. 24 Furthermore, the use of six points of distal fixation (bilateral L5, S1, iliac screws) may be important in preventing early failure of pelvic fixation in neuromuscular scoliosis. 19 The second observation in our study is that neither implant group appeared to be associated with a higher risk of complications. Although there were few complications overall in the relatively small study population, and conclusions in this regard are limited, the number of instrumentation and infectious complications compares well to that reported in the literature. Overall, eight patients (9%) had some problem directly related to instrumentation, which is lower than previously reported rates. 19,25 -28 Although it has recently been suggested that six points of distal fixation may be important in preventing early failure of pelvic fixation in neuromuscular scoliosis, 19 we did not find an association between the amount of distal fixation and the overall implant complication rate. No patient in the study population was definitively diagnosed with a pseudarthrosis, suggesting excellent fusion in both groups.
As with instrumentation complications, infection is a commonly encountered problem in CP scoliosis. 2, 20, 21, 29 The overall rate of major infection in our series was 11.4%, which compares well to previously reported rates of 5 % to 15 %. 2, 20, 21, 30 Infection in this population is multifactorial and has been attributed to various factors, including cognitive delay, incontinence, obesity, nutritional status, and antibiotic prophylaxis, among others. 20,31 -33 Ramo et al 30 found that although number of levels fused and pelvic fixation were risk factors for infection, the type of construct, cross-link usage, rod size, or metal type were not. Others have found that wound complications may be reduced by utilizing low-profile implant configurations. 17, 24 In light of the low overall number of infections, our study found no clear association between implant configuration and overall infection rate. The strength of this study is that it is a multicenter, multisurgeon design with a well-defined patient population of severely involved, primarily spastic CP patients. Although a large number of surgeons contributed patients to the study, standard techniques with posterior fusion were the mainstay of treatment. In 11% of patients, an anterior release was performed, a rate similar to the 10% rate reported in a recent study. 30 The patients undergoing anterior release had worse curves with less flexibility, but there was no defined threshold for performing an anterior release. Although allposterior pedicle screw techniques have been shown to be effective at managing even severe curves over 90 degrees, 29, 34 there remains an important role for anterior release in the very severe, stiff curves. 35, 36 Anterior column instrumentation, conversely, is rarely required in these patients. 35, 36 Although our findings demonstrate an interesting association, a number of factors must be considered before drawing conclusions. Because of multiple surgeons contributing patients to the study population, we are unable to correlate outcomes with specific intraoperative techniques and surgeon experience. This represents a major confounding factor in our study. Inherent to this limitation is the observation that surgeons invariably have preferences with how to perform distal fixation. Although not every surgeon used the same fixation method every time, there is a natural bias for surgeons to use one technique most of the time. It is therefore possible that surgeon experience is a significant contributor to radiographic outcomes. For example, when evaluating the primary/coronal deformity, technical variations among the different surgeons, differences in intraoperative releases and reduction techniques, and overall level of skill may affect the ultimate outcome. The observation that there was a significant difference at both the first erect and 2-year time points suggests that surgeon factors may be more important than the distal fusion technique chosen for this parameter.
On the other hand, the observed difference in PO correction is more likely because of the type of fixation for several reasons. First is the recent recognition that augmenting iliac screws with S1 screws may be important both biomechanically 23 and clinically. 19 Our results support these findings. Second is the observation that distal fixation does have an impact on the ability to control the pelvis, as has been shown with sacral alar iliac screws. 24 Iliac screw trajectory, although not evaluated by this study, represents a potential confounder. Sacral alar iliac screws have previously been shown to result in improved PO correction compared with other iliac fixation methods. 24 Last, the iliac-S1 group was not associated with significantly Iliac Screws
Iliac and S1 Screws * Figure 3 . Preoperative, first erect, and 2-year postoperative pelvic obliquity (in degrees). Ã indicates P < 0.05.
improved correction at the first erect radiograph; rather, this became a significant difference over time. If surgeon factors were the only important consideration, one would expect the difference in PO to be present at both time points. By conceptualizing pelvic fixation according to the fixation zones proposed by O'Brien, 37 we may be able to understand why multiple points of fixation is important. The use of screws at the S1 level (Zone 1) with the use of rigid iliac screws (Zone 3), may better allow rigid, multiplanar control over the sacropelvis. This increased rigidity may also allow for improved intraoperative correction with cantilever reduction techniques, help to minimize postoperative micromotion thereby enhancing fusion, and help to maintain greater correction over time.
How many points of distal fixation are required remains a difficult question to answer. There are likely a number of factors that impact deformity correction, and further studies should focus on understanding the relative importance of releases, surgeon technique, iliac fixation methods, and the role of S1 screws. Ultimately, the type of distal fixation used must be balanced by the surgeon's level of comfort, the potential differences in operative time and radiation exposure, and the possibility of implant prominence. Based on our findings that the combination of bilateral S1 screws and iliac screws is associated with better deformity correction, improved PO, and no difference in complication rates, we would recommend that one consider their use when possible.
Key Points
Bilateral S1 screws are a useful adjunct to iliac screws in patients with neuromuscular scoliosis treated with long posterior fusions to the sacrum. The use of bilateral S1 and iliac screws was associated with improved correction of coronal deformity and PO as compared with use of iliac screws alone at 2-year follow-up. The increased distal implant density of S1 and iliac screws was not associated with an increased risk of infectious or instrumentation-related complications.
